The need for seismic protection of structures located in earthquake prone areas of developing countries has motivated several investigations of low-cost seismic isolators in recent years. One of the most promising device is the Unbonded Fiber Reinforced Elastomeric Isolator (UFREI): in UFREIs no bonding or fastening is provided between the bearing and top-bottom supports and expensive thick steel plates are not required. The behavior of UFREIs is characterized by rollover and full-contact deformations under horizontal loads: the former decreases the effective stiffness of the isolation system, thus reducing the seismic demand, while the latter plays a key role in generating a hardening phase, thus limiting the horizontal displacement of the isolator under severe earthquakes. Such remarkable advantages highlight a great potential for world-wide UFREIs applications. However, until now there is no representative UFREI model available in structural analysis software codes. In this work, a comprehensive but simple UFREI model is implemented in an ABAQUS user element (UEL), taking into account non-linear, hardening and hysteretic behavior of the bearing: in addition, multiple DOFs are considered to simulate the complex 3D behavior of UFREIs, which is characterized by horizontal and vertical displacements, rotation and torsion. The effectiveness of the UEL model is evaluated performing 3D FE dynamic time history analyses on a rigid slab supported by four different types of UFREI. The results show that the UEL model can reasonably fit the behavior of the detailed FE model, significantly reducing the computational efforts of the analyses. The UEL model proposed in this study can be particularly suitable for 3D dynamic time history analyses of complex base isolated structures.
Introduction
Different seismic protection strategies based on traditional or innovative approaches can be used to mitigate the effects of earthquakes on new and existing structures (CEB FIB 2003; FEMA 356 2000; Di Sarno and Elnashai 2005; Bruneau et al. 2005; Valente and Milani 2018) . Conventional approaches are generally aimed at increasing the seismic capacity and ductility of the structure, using reinforced concrete shear walls, traditional or dissipative steel bracings, additional rigid frame systems and fiber reinforced polymer (FRP) materials (Di Sarno and Elnashai 2009; Fardis 2009; Fardis et al. 2013; Giannuzzi et al. 2014; Triantafillou 2001) . Conversely, base isolation is an approach to earthquake resistant design and retrofitting that is based on the concept of reducing the seismic demand rather than increasing the seismic capacity of the structure (Naeim and Kelly 1999; Habieb et al. 2017a) . It is a well-known method, widely used in structural seismic design, for reducing structural response and minimizing possible damage to structures due to strong earthquakes. The isolation devices, typically placed at the base of the structure, increase the flexibility of the structure and shift its fundamental frequency away from the dominant frequency of seismic excitations, thus significantly reducing displacements and accelerations. During the seismic event, the base isolated structure is expected to have negligible inelastic deformation and most of the energy is dissipated at the isolation level.
Conventionally, steel reinforced elastomeric and friction based devices are used for base isolation of structures and actually represent the most straightforward method of seismic isolation. In particular, a typical elastomeric isolator consists of a number of rubber pads and steel layers to provide high stiffness in the vertical direction along with large deformability in the horizontal direction. However, commercial rubber seismic isolators are generally too expensive for seismic protection of structures located in earthquake prone areas, above all in developing countries. For this reason, some investigations on different types of low-cost seismic isolator devices have been performed in recent years; in particular, some studies have focused on Unbonded Fiber Reinforced Elastomeric Isolators (UFREIs) (Toopchi-Nezhad et al. 2008a Russo and Pauletta 2013) . In such typology of device, the top and bottom end steel connector plates of conventional isolators are removed. Moreover, fiber layers are used to substitute the steel shims and reduce the weight and cost of the bearing: the utilization of recycled rubber materials for UFREIs is also proposed in the literature (Spizzuoco et al. 2014; Mishra et al. 2013) .
Another remarkable advantage of UFREIs is the large deformability ensured by the so-called rollover deformation, followed by a hardening phase due to an increase of the contact zone with the substructure and superstructure. The rollover phenomenon initially decreases the horizontal stiffness, then favors the hardening phase at large deformations: such a hardening phase plays an advantageous role in limiting displacements during strong earthquakes (Van Engelen et al. 2016) . Moreover, the combination of these features increases the effective damping of the bearing device (Toopchi-Nezhad et al. 2008a, b; Spizzuoco et al. 2014) .
At present, the application of UFREIs for seismic protection of structures is very limited: it is reported that the first UFREI-supported prototype masonry building constructed anywhere in the world is located in Tawang, India (Thuyet et al. 2017) . However, some experimental tests on shaking tables have proved that the application of UFREIs in low-rise building may provide satisfactory results (Calabrese et al. 2015; Das et al. 2016a, b) . On the other hand, until now, several seismic codes permit only the utilization of bonded seismic isolators (SNI 2013; Eurocode 8 2005) , indicating a need for a more advanced research on UFREIs.
Another important issue is related to the strategies of modeling UFREIs in structural analyses. As a matter of fact, the utilization of detailed 3D FE models of UFREIs is computationally expensive, with results not easily achievable for macro-scale computations in the non-linear dynamic range: therefore, the development of a simple and representative model is of paramount importance. Some works have recently presented a simplified numerical model of the horizontal behavior of UFREIs (Osgooei et al. 2017; Manzoori and Toopchi-Nezhad 2017; Love et al. 2011) ; however, the behavior in compression, rotation and torsion is not taken sufficiently into account.
The aim of this work is to present a comprehensive but simple model for UFREIs: the model is implemented in Abaqus as user element (UEL) and takes into account the most important features exhibited by UFREIs, such as non-linear behavior and hardening phase. The UEL for UFREIs discussed in this paper is the extension of a UEL for commercial bonded isolators available in literature (Kumar et al. 2014) . The extended UEL can be very useful for full 3D dynamic time history analyses of complex isolated structures through advanced FE codes, such as Abaqus, which allow accounting for material and geometrical non-linearities. The application of the developed UEL for seismic protection of a historical masonry church is reported in a companion paper of the authors (Habieb et al. 2018c ).
Phenomenological model of UFREIs behavior
In order to calibrate the mechanical properties of the UEL, a detailed 3D FE model of a newly conceived low-cost UFREI is developed through the FE software code Abaqus (Simulia 2014 ). The isolator under study consists of few rubber pads from recycled tires and uses glass fiber reinforcements instead of steel laminas to improve the vertical stiffness; in addition, it presents unbonded boundary conditions (i.e. the upper and lower edges do not exhibit any bond with the supports), which significantly reduce manufacturing cost and weight. Figure 1 shows the FE model and the main geometrical and mechanical characteristics of the UFREI along with the refined discretization consisting of 8-node brick elements. The isolator, denoted as UFREI-100, presents a square section with sides equal to 100 mm and is 52 mm high: it is composed of five 10 mm thick rubber pads and four 0.5 mm thick fibers. The mesh used for the rubber pad consists of C3D8R elements with dimensions equal to approximately 7.6 × 7.6 × 1.6 mm, while in the hardening analysis (Sect. 2.2) the thickness is reduced to 1 mm because higher strains take place. The meshing method validation has been discussed in a previous work by the authors (Habieb et al. 2017d ) in order to fit the lateral force-lateral displacement curve obtained from an experimental test. The Yeoh strain-energy model is employed as hyperelastic material model for rubber pads. For a compressible rubber the model is expressed by Eq. (1): where W is the strain energy density, C i0 and D i are material coefficients, I 1 is the first deviatoric strain invariant and J el is the elastic volume strain. In the present study, the values of the material coefficients are assumed by referring to the results of experimental and numerical studies on rubbers with different hardness (Shahzad et al. 2015; Jerrams et al. 1998) . The values of the material coefficients for the Yeoh model adopted in this study are indicated in Table 1 , corresponding to rubber with shear modulus G = 0.6 MPa. The viscous damping is evaluated through the Prony-series model: the values of the coefficients of the model are presented in Table 2 , corresponding to rubber with damping ratio equal to approximately 8%. The value of the shear modulus G and the damping ratio are initially obtained through a series of uniaxial tensile tests and relaxation tests, respectively. The fiber reinforcement is treated as a linear elastic isotropic material with Young modulus E = 40 GPa and Poisson's ratio ν = 0.20, in accordance with many references (Thuyet et al. 2017; Van Engelen et al. 2014; Toopchi-Nezhad et al. 2011) .
In the FE analysis presented in this study, the UFREI model is subjected to a 1 Hz cyclic horizontal displacement applied at the top under a constant vertical pressure equal to 1.17 MPa: such a pressure corresponds to the axial load carried by a single UFREI used for the isolation system of a masonry housing (Habieb et al. 2017c (Habieb et al. , 2018b . To provide an unbonded condition in the 3D FE model, a penalty friction coefficient equal to μ = 0.85 is introduced between the supports and the isolator. The maximum horizontal displacement imposed during the analysis is equal to 1.2 h r (h r is the total thickness of rubber layers in the isolator). Figure 2 shows the deformation modes and the vertical stress distributions of the UFREI under constant vertical pressure and Fig. 3 illustrates the corresponding cyclic horizontal behavior (lateral load-horizontal displacement curve) of the UFREI. The results highlight a remarkable non-linear behavior due to rollover deformations: it is worth mentioning that the non-linear behavior occurs when the horizontal stiffness of the UFREI decreases with increasing rollover deformations. A non-linear behavior is also observed in the compressive response of the UFREI under increasing horizontal displacements: Fig. 4 illustrates the evolution of the vertical stiffness during the cyclic shear analysis. These results indicate that the non-linearity occurs both in the horizontal and vertical behavior of the UFREI. Thus, the constant horizontal and vertical stiffness governed by the classical equations available in the literature (Kelly 1993 ) is not applicable anymore. A model of unbonded bearing proposed by Constantinou et al. (2007) and based on equilibrium and compatibility requirements can be found in the literature. In this section, a phenomenological model to represent the behavior of UFREIs is proposed and described in detail.
Non-linear behavior
The horizontal response of UFREIs is non-linear and is affected by vertical loading and horizontal displacement: in this study it is described by using Eqs. (2)-(11). Such equations derive from the classical solution for commercial bonded isolators available in previous studies (Kelly 1993; Cardone and Perrone 2012) , and modified by the authors for unbonded isolators. The main parameters involved are the following (see Fig. 2 ): b and l 0 are the sides lengths of a rectangular bearing (in 2D analyses, l 0 corresponds to the side parallel to the horizontal displacement); l t is the effective length; S is the bearing shape factor; A r is the bearing plan area; u is the horizontal displacement; m l is the modification factor; t r is the thickness of a single rubber pad; h r is the total height of rubber; G is the shear modulus of rubber; h b is the total height of the isolator; EI is the flexural rigidity of the isolator; EI eff is the effective flexural rigidity of the isolator; E r is the elastic modulus of rubber; P e is the Euler load for the standard elastic element; GA r is the shear rigidity of the isolator; k H is the horizontal stiffness of the isolator. To take into account the vertical load effects, Eq. (11) considers the value of the square ratio of the existing load (P L ) to the critical load (P cr ) (Cardone and Perrone 2012; Kelly 1993) .
When the bearing undergoes horizontal displacements, the UFREI area A r carrying vertical loads decreases. Equation (11) shows that the bearing area A r gives a direct contribution to the horizontal stiffness of the bearing. In unbonded application, the value of the bearing area A r varies as expressed in Eqs. (3) and (4) (Habieb et al. 2017b) . The remaining part is considered as a free-stress zone (Fig. 2) , which does not experience any notable compressive and tensile stress (Toopchi-Nezhad 2014). However, the free-stress zone seems to contribute partially to the horizontal stiffness of the bearing. Figure 5 shows (4) is directly used (it means that m l = 1 in Eq. 5), the horizontal stiffness seems too low when compared with that of the FE model. Thus, a modification factor m l is introduced in order to partially involve the effect of the free-stress zone (Eq. 5). In the present case, the optimum value of m l is found to be 0.75, meaning that approximately 25% of the free-stress zone contributes to the horizontal stiffness during rollover deformations. The value of 0.75 for m l is also recommended in Toopchi-Nezhad (2014).
Hardening
At large lateral displacements, the UFREI experiences the so-called full-contact deformation: it means that the vertical faces of the isolator are in contact with the upper and bottom support surfaces, causing an increase of the horizontal stiffness of the isolator. Such a hardening phase of UFREIs is an open issue. Some researchers consider it as an unstable point that should be avoided because of the analysis complexity (Thuyet et al. 2018 ). On the other hand, such a hardening phase is considered beneficial to limit horizontal displacements during strong earthquakes (Van Engelen et al. 2016) , behaving
like a stopper device. Furthermore, some experimental tests have indicated that in presence of hardening up to horizontal displacements equal to 3 h r no remarkable damage is observed in the bearing (De Raaf et al. 2011) . Such a value of horizontal displacement is surprisingly higher than that of commercial bonded isolators, which is equal to only 1.5 h r (Eurocode 2005; SNI 2013) . Such a large deformability allows for the application of UFREIs with small height. The hardening behavior of UFREIs has been implemented in the UEL code. To predict the hardening phase, a 3D FE cyclic analysis of UFREI-100 has been performed by increasing the horizontal displacement up to 1.75 h r . It is worth mentioning that the model requires a fine mesh of the rubber and fiber elements to avoid excessive distortions at large displacements. Figure 6 presents the lateral force-horizontal displacement curve of UFREI-100: the hardening behavior can be observed at horizontal displacements equal to 1.4 h r (70 mm). However, in other references (Toopchi-Nezhad et al. 2008a, b; Al-Anany et al. 2017 ), a higher value of the hardening point (about 1.6 h r ) is observed. A solution to predict when full rollover would occur in an isolator with fiber reinforcement can be found in the literature (Kelly and Konstantinidis 2007) .
To simulate the results obtained from the FE analysis, some adaptations in Eqs. (2)- (11) should be performed once the hardening point is reached. Figure 7 presents the analytical model (black line) discussed in previous Sect. 2.1 and an additional hardening model (red line). The procedure to generate the hardening phase is explained as follows:
• The hardening point (u hr ) is set equal to 1.4 h r (70 mm).
• The gradient (gr) of the hardening line is estimated visually because it is highly complicated to compute analytically due to the irregular shape of a UFREI after exhibiting a full-contact deformation.
• The variable u (horizontal displacement) in Eq. (5) is replaced by the value of u hr , see Eq. (12). Then, Eqs. (6)-(10) are subsequently used to obtain the horizontal stiffness k hr (Eq. 13).
• The horizontal stiffness k hr (Eq. 13) is introduced in Eq. (14) to compute F hr , which is the value of the force corresponding to the hardening point, see Fig. 7 . • Finally, when the horizontal displacement u is larger than u hr , the effective horizontal stiffness k e_hr , see Eq. (15), is used to compute the horizontal force of the model, see 
Bouc-Wen hysteresis
Once the stiffness variation of the bearing is known, the next step is to reproduce the hysteretic behavior under cyclic displacements. Some references (Fragiacomo et al. 2003; AASHTO 2000) represent the behavior of commercial isolators by adopting a bilinear model, which is the simplest one. However, this model is not so accurate to describe the non-linear behavior of an isolator. On the other hand, the classical Bouc-Wen model has been widely implemented to effectively represent the hysteretic behavior of seismic isolators. An extended version of the classical Bouc-Wen model is also reported in the literature: the force of the isolator has been modeled with a second and third order polynomial in terms of the lateral displacement of the isolator (Love et al. 2011) . Moreover, other authors have proposed a fifth order polynomial to capture the non-linear behavior and the hardening phase (Manzoori and Toopchi-Nezhad 2017) . In this study the authors develop a UFREI model based on the classical form of the Bouc-Wen model, taking into account both the non-linear behavior and the hardening phase. As aforementioned, this behavior is simulated by varying the bearing stiffness as a function of the horizontal displacement. This procedure is more suitable to explain the evolution of the 
Fig. 7
Hardening line generated by the proposed procedure in the analytical model macro-scale bearing behavior than using a high-degree polynomial equation. In addition, the computational effort is less because the latter requires more optimization steps to determine more unknown coefficients.
In the Bouc-Wen model used in this study, Eqs. (16) and (17), the biaxial interaction between the X and Y directions is taken into account for 3D analyses (Kumar et al. 2014; Nagarajaiah et al. 1991 ).
The main parameters involved are the following: F is the restoring force, k H is the horizontal stiffness of the bearing, c d is the damping coefficient and u is the horizontal displacement. Moreover, w, Y, γ and β are the Bouc-Wen constants controlling the shape of the hysteretic loop. The variable z is a non-physical parameter governing the hysteretic loop of the isolator based on a differential equation (Eq. 17). To solve numerically the Bouc-Wen equation, a standard Newton-Raphson procedure is executed.
Vertical stiffness
Another main feature of a base isolator is the vertical stiffness, which influences the global behavior of the isolated structure, especially in the case of moment-resisting frames. A classical expression to predict the vertical stiffness of BFREIs can be found in the literature (Kelly 1993 ): an adaptation is required for the case of UFREIs. In fact, the vertical stiffness of UFREIs varies significantly with the horizontal displacement. When the bearing starts to deform, the bearing area carrying the vertical load decreases (see Fig. 2 ). However, as in the case of the horizontal stiffness, the free-stress zone partially contributes to the vertical stiffness, as expressed in Eq. (18). In this case, the modification factor m C is found to be equal to 0.25, meaning that 75% of the free-stress area contributes to the vertical stiffness.
As shown in Eqs. (18)- (20), the vertical stiffness (k V ) varies because the values of the shape factor S (Eq. 2) and effective length (l t_c ) change as a function of the horizontal displacement u. Figure 8 shows the variation of the vertical stiffness of UFREI-100 as a function of the horizontal displacement: it is obtained through the 3D FE model and the analytical solution. The hysteretic behavior of the bearing in the vertical direction is neglected as the dissipation in the vertical direction does not significantly influence the global behavior of an isolated structure: thus, the application of the Bouc-Wen model is not strictly required. The proposed solution for the vertical stiffness is activated only when the bearing is under compression. As the UFREI does not present any bonding with the superstructure, the vertical stiffness is assumed equal to zero when subjected to tensile loads. Therefore, the overturning stability of an isolated structure supported on UFREIs must be carefully checked.
Rotational and torsional stiffness
The torsional and rotational behaviors of base isolators are sometimes considered in structural analyses, mainly in the case of frame structures. Classical solutions for rotational and torsional stiffness of commercial isolators are available in the literature, but limited to bonded bearings (Kelly 1993; Constantinou et al. 2007; Kumar et al. 2015) . In this study, a FE approach based on the detailed 3D FE model is used to evaluate if the classical solutions valid for BFREIs can be adopted with some modifications for UFREIs. Figure 9 shows the rotational deformation of bonded and unbonded FREIs and the corresponding vertical stress distribution, along with an indication of the rotational angle (ϑ) in Fig. 9b . Figure 10 compares the results obtained through 3D FE models and analytical solutions for the rotational behavior of bonded and unbonded FREIs. In the unbonded case, a free-stress zone arises, decreasing the rotational stiffness of the bearing. On the contrary, in the bonded case, all the parts of the bearing contribute to the rotational stiffness, in the form of compressive or tensile stress. According to the literature (Al-Anany and Tait 2015), the rotational stiffness of UFREIs may be estimated as equal to 75% of that of BFREIs, see Eq. (21) and Fig. 10 .
According to the authors' knowledge, there are no studies reported in the literature focusing on the torsional behavior of UFREIs. Some works dealing with the analysis of base isolated structures supported on UFREIs have neglected the contribution of the torsional stiffness in the model (Castellano et al. 2014; Das et al. 2016a, b; Habieb et al. 2018a) . It has to be pointed out that a classical solution to predict the torsional stiffness of a single BFREI is available (Kumar et al. 2015) : thus, in the present study a 3D FE simulation is performed to evaluate an adjustment of the classical solution for UFREIs as the interfaces may slide due to bonding absence. Figure 11 shows the torsional deformation of bonded and unbonded FREIs and the corresponding Mises stress distributions. A notable difference of Mises stress distribution between the two models can be observed only at the top and bottom surfaces of the FREIs, mainly at the edges. Figure 12 unbonded model does not cause any notable reduction of torsional stiffness due to friction and vertical pre-loading. On the other hand, the analytical solution based on Eq. (22) provides smaller values of torsional moment than the FE models: in any case, the difference seems negligible in the structural analysis and may be probably due to the vertical pre-loading effect, which is not taken into account in the analytical model. It has to be observed that in Eqs. (21) and (22) E r is the rotation modulus of the bearing, I s is the inertia moment about an axis of rotation in the horizontal plane and I t is the inertia moment about the vertical axis. For a symmetric bearing, I t = 2 · I s . A list of rotation moduli for different shapes of elastomeric bearings is available in the literature (Constantinou et al. 2007 ). Finally, both rotational and torsional stiffnesses of UFREIs are considered as constant because they do not significantly affect the global behavior of a base isolated structure (Kumar et al. 2015) .
Implementation in ABAQUS Subroutine
To simulate the behavior of the base isolator, a 2-node 12-DOF beam element is considered as the basic form of the UEL model connecting the substructure and the superstructure (Kumar et al. 2015) . Figure 13 illustrates the schematic representation of the UEL with 2 nodes, each of them presenting six DOFs: axial (U1) and shear (U2 and U3) behavior, torsion (UR1) and rotation (UR2 and UR3). The analytical solutions obtained in the previous sections are then implemented into an Abaqus UEL developed in the literature only for commercial BFREIs (Kumar et al. 2015) . The general form of element force vector, f b , and element stiffness matrix, K b , is expressed by Eq. (23). The axial behavior (U1) is governed by the solution of the vertical stiffness k V (Eq. 20), in which the coupling with the horizontal displacement is already taken into account. The horizontal stiffness k H (Eq. 11) in combination with the Bouc-Wen model (Eqs. 16, 17) are used to characterize the shear behavior (U2 and U3), which is considered as a coupled mechanism. Finally, the torsional stiffness k T (Eq. 22) governs the torsional behavior (UR1) and the rotational stiffness k R (Eq. 21) characterizes the rotational behavior (UR2 and UR3).
To solve the differential equations of the Bouc-Wen model (Eqs. 16, 17), a standard Newton-Raphson procedure is executed in the UEL code. An interesting feature of this procedure is that the input data are only the geometry of the bearing and the shear modulus and damping of rubber. The UEL code inherently computes the other derived properties, such as vertical and horizontal stiffness.
Finally, a numerical simulation is performed by applying a 1 Hz cyclic horizontal displacement and a constant vertical pressure (1.17 MPa) on the UEL and the 3D FE models of UFREI-100, Figs. 14 and 15. A satisfactory performance of the UEL model can be observed when compared with the results obtained through the detailed 3D FE model, without and with hardening. However, it can be noted that the UEL model provides thinner loops around the origin than those observed for the 3D FE model. The optimum values of the UEL and Bouc-Wen parameters for the UFREI-100 are presented in Table 4 .
Validation of the proposed UEL model through experimental tests
Some results of experimental tests performed on UFREIs available in the literature are used to evaluate the applicability of the UEL model for a wide range of UFREIs geometry. The properties and geometry of the specimens considered in this study are presented in Table 3 . It is worth mentioning that the aspect ratio R is the ratio between the length and the total height of the isolator.
The comparison of the lateral load-lateral displacement curves obtained in the experimental tests and through the UEL model is presented in Fig. 16 , while the Bouc-Wen and UEL parameters adopted for the different models are shown in Table 4 . Observing the results, it can be noted that the hysteretic behavior of specimens B1 and B3 is mainly characterized by viscous damping, while the hysteretic response of specimens B2 and B4 is characterized by yield strength (w). Indeed, Table 4 reports w = 0 for specimens B1 and B3 and small value of damping coefficient c d for specimens B2 and B4.
In specimen B1, the value of c d is significantly larger than the other specimens because of the very low frequency of the shear test, see Table 3 .
The small aspect ratio R of the specimen B4 may justify the significantly higher tangential stiffness at the first cycle than at the last cycle: in addition, specimen B4 was tested under small shear strains. The small aspect ratio and small shear strain imposed may produce the hysteretic behavior that is characterized by yield strength with a larger loop area than the other specimens.
The UEL parameter m l varies between 0.75 and 0.80 for all the specimens considered, except for specimen B2. Meanwhile, the value of the hardening point u hr equal to 1.6 h r is obtained for specimens B2 and B3. It is worth mentioning that the other UFREIs were not tested up to the hardening phase. Figure 16 shows that, in general, the UEL model can reasonably fit the shear behavior of UFREIs with different geometries by implementing the suitable Bouc-Wen and UEL parameters. However, some negligible inaccuracies are present: for instance, the UEL model cannot capture the multiple hardening presented in specimen B2 and the larger loop area in the hardening phase experienced by specimen B3. 
Verification of the UEL model for UFREIs through 3D FE dynamic analyses
To evaluate the effectiveness of the Abaqus UEL proposed in this study, 3D dynamic time history analyses of an isolated rigid square slab are performed. Figure 17 shows the geometrical model of the isolated rigid square slab with sides equal to 2 m using detailed 3D FE models and Abaqus UEL models for the four isolators located at the corners. To simulate the 3D behavior of the isolation system including torsion and rotation during the seismic excitation, four UFREIs characterized by different stiffness are used. The main properties of the rubber are reported in Table 5 for the different types of UFREI: moreover, the reinforcement consists of a glass fiber with Young modulus E = 40 GPa. The properties of hyperelasticity and viscosity of the rubbers are obtained through uniaxial tensile tests and relaxation tests, respectively. Each UFREI presents a typical square section with sides equal to 100 mm and consists of five rubber pads with thickness equal to 10 mm and four fiber laminas with thickness equal to 0.55 mm. The weight of the upper slab is about 46.8 kN: consequently, each isolator is loaded by a vertical pressure equal to about 1.17 MPa. A similar vertical pressure was supported by the low-cost rubber isolators employed for the seismic protection of a masonry building model (Habieb et al. 2018b) .
As already mentioned, two different types of models are adopted for the four isolators: the detailed 3D FE model with refined mesh, which serves as a reference model, and the Abaqus UEL proposed in this study, which can predict the complex 3D behavior of UFREIs after providing the geometry of the isolator and the shear modulus and damping of the rubber.
To provide an unbonded condition in the 3D FE model, a friction coefficient equal to μ = 0.85 is introduced between the supports and the isolator. Considering the high computational effort of the analysis of the detailed 3D FE model with friction contact, an accelerogram with short duration is selected for the numerical simulations. Figure 18 shows the North-South component of the Durzunbey (Turkey) accelerogram (PGA = 0.86 g) that is applied at the bottom slab in the X direction. It is worth mentioning that three additional seconds are added at the end of the registration to assess the re-centering capability of the UFREI system. The motion of the isolated slab during the seismic excitation in the case of both the models for the isolators is schematically shown in directions. As can be noted, a good agreement is found between the results of the two approaches. As expected, the largest displacements are registered in the X direction, with a peak value observed for UFREI-2. Figures 21 and 22 indicate that all the UFREIs, through both the models, present a good re-centering capacity after the seismic excitation. A small maximum sliding equal to 4 mm is registered in the X direction for the UFREIs using the 3D FE model, while no noticeable sliding is observed in the Y direction for the UFREIs using both the models. This result is in agreement with the recommendation that a vertical pressure equal to at least 0.5 MPa on UFREIs can prevent a large sliding between the isolator and concrete substructures (Ehsani and Toopchi-Nezhad 2017; Russo and Pauletta 2013) . Figure 23 shows that the vertical displacements are smaller than 1.2 mm for both the models: as expected, the isolator with the smallest stiffness (UFREI-1) experiences the highest displacements. Figure 24 shows the torsion angle time history of the upper slab (point O) in the case of 3D FE models and UEL models for the bearings. A reasonable accuracy can be observed for the UEL model, which takes into account the UFREI torsional behavior. Although some differences can be registered during the seismic excitation, the maximum values of Figures 25 and 26 confirm a good agreement between the lateral force-horizontal displacement curves (both in the X and Y directions) of the different types of UFREIs using 3D FE models and UEL models. Moreover, it can be noted that the two models can capture the different characteristics of the four UFREIs in terms of energy dissipation capacity, lateral force and horizontal stiffness.
The comparison with the results obtained through a detailed 3D FE model indicates that the UEL model may provide a very good prediction of the UFREI behavior under seismic excitation, see Table 6 , resulting a useful tool for 3D dynamic analyses of more complex isolated structures.
Conclusions
A phenomenological model of unbonded fiber reinforced elastomeric isolators (UFREIs) for large scale structural analyses is proposed and described in this study. The remarkable features of the UFREI behavior are taken into account, such as non-linearity due to rollover and hardening due to full-contact: the former decreases the effective horizontal stiffness, thus reducing the seismic demand, while the latter plays an important role in limiting displacements under severe earthquakes.
Due to the absence of analytical expressions to comprehensively predict the UFREIs behavior, the classical equations available in the literature for commercial BFREIs are modified and adapted for UFREIs. The phenomenological solution is then implemented into an Abaqus user element (UEL), which is based on Fortran programming language. Using a 2-node 12-DOF beam element, the proposed model takes into account the main features of the 3D behavior of UFREIs: the hysteretic behavior is reproduced through the classical Bouc-Wen model and a standard iterative Newton-Raphson procedure is used. Some results from experimental works are used to evaluate the performance of the UEL for UFREIs under horizontal cyclic loading. It is found that the UEL is applicable for various geometries and mechanical properties of UFREIs.
The validity and effectiveness of the extended UEL model are also evaluated through 3D dynamic time history analyses. The benchmark structure is a square slab isolated using four different types of UFREIs to generate rotation and torsion. A good agreement between the results obtained through the UEL and the detailed 3D FE model is observed, indicating that the developed UEL can provide a satisfactory prediction of the UFREI behavior under seismic excitation. Moreover, it should be mentioned that the application of the UEL model significantly reduces the computational effort of the dynamic time history analysis when compared with the 3D FE model. Indeed, in the case under study, the analysis conducted through the 3D FE model of the isolation system takes a couple of days mainly due to friction contact; conversely, the UEL model requires only few minutes for the same case. Another remarkable feature of the extended UEL model concerns the input data: only the shear modulus and damping of the rubber and the geometry of the UFREI are provided. Other parameters are computed inherently by the code, making this model considerably efficient. It can be concluded that the UEL model developed in this study can be particularly suitable for 3D analyses of complex isolated structures through the software code Abaqus, with a significant computational efficiency.
